clinical range over the course of 6 weeks. Given the long halflives of fluoxetine and norfluoxetine observed in this study, precautions should be taken when designing preclinical studies to prevent accumulation of drug serum concentrations.
Introduction
Fluoxetine is a selective serotonin reuptake inhibitor (SSRI) which is currently approved for treatment of depression and mood disorders. It is one of the oldest and most frequently prescribed SSRIs [1] . Fluoxetine binds to the serotonin transporter (SERT), blocking reuptake of the neurotransmitter into the presynaptic cell, which results in acute increases in levels of extracellular serotonin [1, 2] . However, the onset of therapeutic effects is delayed for 3-4 weeks, suggesting that there may be neurobiological adaptations involved in its action [1, 3, 4] .
Fluoxetine is metabolized by cytochrome P450 enzymes, with the CYP2CP and CYP2D6 enzymes playing a large role. The major metabolite is norfluoxetine, which is biologically active with equal affinity for SERT [4] [5] [6] . Unlike the metabolites of most SSRIs, norfluoxetine contributes to the inhibition of serotonin reuptake in a functionally significant manner [6, 7] . In humans, fluoxetine
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Fluoxetine ؒ Norfluoxetine ؒ Nonhuman primate ؒ Pharmacokinetics ؒ Selective serotonin reuptake inhibitors Abstract Background/Aims: Fluoxetine (Prozac) is a selective serotonin reuptake inhibitor currently used to treat depression and mood disorders. It has been widely studied clinically and preclinically, yet there is limited knowledge of its pharmacokinetics in nonhuman primates. Methods: The present study characterized the pharmacokinetics of fluoxetine and its active metabolite norfluoxetine in rhesus macaques following both acute (1, 3, 5.6 and 10 mg/kg) and chronic doses (5.6 and 10 mg/kg/day) via different routes of administration (intravenous, subcutaneous, intramuscular, and oral). Blood samples were collected at multiple time points following administration and analyzed using mass spectrometry. Results: Fluoxetine had a half-life of 11-16 h and norfluoxetine had a half-life of 21-29 h. Potentially functionally significant serum concentrations of norfluoxetine were present at 24 h even after a single administration of fluoxetine. Similar to observations in humans under steady state conditions, norfluoxetine accounted for the greater percentage of active drug in the blood stream. Conclusion: A daily dose of 10 mg/kg administered orally maintained serum concentrations in the human has a half-life of 1-4 days while norfluoxetine has a longer half-life of 7-15 days [1, [4] [5] [6] . Furthermore, fluoxetine and norfluoxetine inhibit their own metabolism through interactions with the cytochrome P450 liver enzymes, particularly the CYP2D6 [4, 6] . Thus, cumulative dosing, as is frequently used clinically, results in different blood concentrations and pharmacokinetics than acute dosing [5] . There is no clear serum concentration-therapeutic effect relationship reported for fluoxetine [5, 6, 8] , but serum concentrations from the human clinical setting are generally reported to be between 200 and 1,000 ng/ml, including norfluoxetine [6, [9] [10] [11] [12] .
The distinctive pharmacokinetics of fluoxetine may contribute to its clinical profile, as may the action of norfluoxetine. Therefore, it is important to take this information into consideration when designing and performing preclinical or animal studies using fluoxetine. However, very little information exists on the pharmacokinetics of fluoxetine in species commonly used for preclinical studies, particularly nonhuman primates. It has been reported that chronic administration of fluoxetine can achieve serum concentrations comparable to human clinical concentrations in rhesus macaques [13] , yet there is no information available regarding the sustainability of these concentrations or the pharmacokinetics. Since pharmacokinetics may differ among species, we sought to characterize the pharmacokinetics of fluoxetine and norfluoxetine in nonhuman primates, and develop a clinically relevant dosing method for use in preclinical studies.
Methods

Subjects
Adult female rhesus macaques (Macaca mulatta) between 7 and 9 kg served as subjects. Animals were singly housed within a primate colony and fed Purina monkey chow (Ralston Purina, St. Louis, Mo., USA), fruits, and vegetables. Water was continually available. All procedures and studies strictly followed the National Institutes of Health Guide for the Care and Use of Laboratory Animals (Publication No. 85-23, revised 1985) and were approved by the Institutional Animal Care and Use Committee of Emory University.
Acute Studies
Female rhesus macaques (n = 4; 7-9 kg) served as subjects. Animals were seated comfortably in Primate Products primate chairs for the duration of blood sample collection. Each animal was prepared by placing a temporary intravenous catheter into the saphenous vein (BD Saf-T-Intima Closed Catheter System; BD, Franklin Lakes, N.J., USA). Fluoxetine HCl was purchased from Spectrum Chemicals and Laboratory Products (N.J., USA) and dissolved in sterile water at a concentration of 7 mg/ml. The drug was administered either i.m. (1, 3, 5.6 and 10 mg/kg) or i.v. (3 mg/kg) and blood samples were collected through the catheter at 5, 15, 30, 60 and 120 min after injection. The animals were then returned to their home cages. For all doses except 10 mg/ kg, animals were re-chaired and samples collected at 8 and 12 h post-injection, and again at 24 h. Two animals were used per dose.
Chronic Studies
Female rhesus macaques (n = 7; 7-9 kg) served as subjects. Fluoxetine HCl (5.6, 10 mg/kg) was administered once daily in the cage for 7 (5.6 mg/kg s.c. or p.o., n = 2) or 42 days (10 mg/kg p.o., n = 5). For subcutaneous injection, fluoxetine HCl was dissolved in sterile water at 7 mg/ml concentration. For oral administration, fluoxetine HCl was weighed and mixed with peanut butter or other palatable foods and spread on a piece of bread. Compliance was assessed via visual inspection of the animal's cage 1-2 h after the medicated treat had been given. Blood draws occurred once daily before drug administration for the 6-day administration and continued for a 6-day follow-up after ceasing drug administration. For the 42-day administration, blood draws occurred once weekly before daily drug administration.
Sample Analysis
Following collection, blood was centrifuged at 3,000 g for 20 min. The serum was then collected and frozen for later analysis. Samples were analyzed using mass spectrometry and quantified against both internal standards and separate standard curves [14] .
Half-Life Determination
The following formulae were used to calculate half-life: k elimination = (lnC 2 -lnC 1 )/(t 2 -t 1 ) t 1 / 2 = 0.693/k elimination where C is concentration and t is time. Half-lives for fluoxetine and norfluoxetine were determined separately. For calculations for fluoxetine, t 1 was 24 h following the final administration of fluoxetine, and t 2 was 96 h after final administration. For norfluoxetine, t 1 was the time point at which fluoxetine concentrations were less than 5 ng/ml to ensure that metabolism of fluoxetine to norfluoxetine would no longer be significantly contributing to its concentration. t 2 was 48 h after t 1 . Calculations were performed in Excel. Student's t test was used to compare half-lives for fluoxetine and norfluoxetine and was calculated using GraphPad (GraphPad Prism version 5.01 for Windows, GraphPad Software, San Diego, Calif., USA, www.graphpad.com).
Results
Acute Fluoxetine Administration 1.0, 3.0, 5.6, and 10 mg/kg fluoxetine all resulted in detectable serum concentrations of fluoxetine ( fig. 1 ). Peak fluoxetine concentrations were achieved at 15 min (31 ng/ml), 30 min (70 ng/ml), 60 min (165 ng/ml) and between 30 and 60 min (785 ng/ml), respectively ( fig. 1 ). Norfluoxetine first appeared at 120 min and was still present at the 24-hour time point for all doses (14, 61, 142.8 ng/ml, respectively; not evaluated for 10 mg/kg dose), forming the majority of active drug concentration at that time point ( fig. 2 ).
Intravenous administration of 3.0 mg/kg resulted in a much higher (11,913 ng/ml) peak serum concentration than intramuscularly (70 ng/ml). The concentration peaked 15 min post-injection and then rapidly declined. Norfluoxetine had a comparatively small contribution to overall drug concentrations when administered i.v., reaching levels ! 20 ng/ml up to 120 min, and peaking at 108 ng/ml at 8 h after injection (data not shown). At 24 h, a combined concentration of 50.6 ng/ml remained.
Chronic Fluoxetine Administration
Oral administration of 5.6 mg/kg resulted in lower serum concentrations (fluoxetine: 43.5 ng/ml; norfluoxetine: 193.6 ng/ml) as compared to subcutaneous administration (fluoxetine: 328.7 ng/ml; norfluoxetine: 404.1 ng/ml) ( fig. 3 ) . The half-lives of both fluoxetine and norfluoxetine were significantly longer following subcutaneous administration as compared to oral administration: 16.16 8 2.56 vs. 11.89 8 5.06 h for fluoxetine (t = 3.01; p ! 0.01) and 29.72 8 2.56 vs. 21.29 8 0.08 h for norfluoxetine (t = 4.66; p ! 0.05), respectively ( table 1 ) .
Daily oral administration of 10 mg/kg fluoxetine resulted in a stable serum concentration in the range of 250-450 ng/ml total fluoxetine + norfluoxetine and cleared in approximately 1 week ( ^ 10 ng/ml) ( fig. 4 ) . During chronic administration, norfluoxetine accounted for 70-80% of total active drug concentration. 
Discussion
The present study characterizes the pharmacokinetics of fluoxetine in rhesus macaques, a species frequently used for preclinical studies, following both acute and chronic administration. To achieve serum concentrations comparable to the human clinical range, it was necessary to administer higher doses and to do so chronically, as expected from a previously published study by Fontenot et al. [13] . This is the first study to report the half-lives of [12] . NR = Not reported; NC = insufficient data, not calculated. fluoxetine and its active metabolite norfluoxetine in rhesus macaques, which were shorter than in humans. However, at higher doses, even a single administration could result in functionally significant levels 24 h later.
Half-Life
Fluoxetine has a reported half-life of 1-4 days in humans while norfluoxetine has a half-life of 7-15 days [1, [4] [5] [6] 15] . The pharmacokinetics of fluoxetine have also been described in mice [16] and rats [7] ( table 1 ), but have not been comprehensively described in nonhuman primates. In the present study, chronic administration of 5.6 mg/kg fluoxetine orally or subcutaneously resulted in significantly different half-lives for both fluoxetine and norfluoxetine. Since both fluoxetine and norfluoxetine inhibit CYP450 enzymes, which are involved in their metabolism [4] [5] [6] , this difference in half-life is likely due to the difference in serum concentrations achieved by each mode of administration; the higher concentrations associated with subcutaneous administration resulted in longer half-lives, which is in concordance with previous reports of nonlinear pharmacokinetic parameters in humans [4] [5] [6] and in rats [7] . Our observed half-lives for fluoxetine and norfluoxetine are greater than that reported in rats [7] but still considerably less than that reported in humans [1, 5, 6, 15] ( table 1 ) . As in rats, a single administration resulted in steady levels of active drug maintained through 24 h [7] . It is especially important to be aware of the possibility of functionally significant serum concentrations of drug remaining present past 24 h when designing preclinical studies with fluoxetine.
Fluoxetine:Norfluoxetine Ratio
Under steady state in humans norfluoxetine exceeds fluoxetine [5] ; this finding was also observed in mice [16] and monkeys [13] and now has been replicated in the present study ( table 1 ) . Unlike the data reported by Fontenot et al. [13] , fluoxetine:norfluoxetine ratios were not substantially higher in monkeys than those reported in humans [9] [10] [11] [12] . Norfluoxetine is as potent a reuptake inhibitor as fluoxetine [1, 6] and it has been suggested that it may play a significant role in the therapeutic effects [6, 7] . This is especially relevant because acute, single-administration experimental designs do not achieve significant levels of norfluoxetine until at least after 120 min have passed.
Human Clinical Ranges
There are varying reports of both observed and recommended serum concentrations in the clinic. In general, serum concentrations of combined fluoxetine and norfluoxetine are reported to be between 200 and 1,000 ng/ml [6, [9] [10] [11] [12] . However, there is no clear relationship between clinical effect and serum concentration for the SSRIs, including fluoxetine. It has been hypothesized that there may be a curvilinear relationship such as the one described for tricyclic antidepressants [12] , although generally dose-response curves appear to be flat [4] . It has also been suggested that instead of a dose-effect curve, there is a threshold that must be exceeded before therapeutic effects emerge [6] . With such a broad range observed clinically and no clear relationship to therapeutic effects, it is difficult to pinpoint optimal serum levels for preclinical studies. Nonetheless, it is important to consider the human clinical conditions.
Our study demonstrates that the pharmacokinetics of fluoxetine are more rapid in nonhuman primates, and that multiple dosing paradigms are best suited for replicating both human serum concentrations and ratios of fluoxetine to norfluoxtine. Specifically, 5.6 mg/kg administered daily either orally or subcutaneously results in combined serum levels within the reported human clinical range. However, on two occasions sores developed following subcutaneous administration, so when choosing a method for longer studies (i.e. 4-6 weeks) oral administration is probably preferable. In humans, fluoxetine is completely absorbed from the gut but has oral bioavailability less than 90% [4, 5] , so to ensure consistent concentrations in the human therapeutic range, we chose a higher dose (10 mg/kg/day) for our 6-week study. This dose, mixed with a variety of palatable foods, reliably produced serum concentrations in the clinical range ( 1 200 ng/ml) over the 6-week period, although concentrations were considerably higher and more variable during the initial two weeks of treatment. These levels (250-450 ng/ ml) are comparable to those reported following 20 mg/ day and 40 mg/day in humans [6, [9] [10] [11] [12] .
There are two possible reasons for the reduction in levels seen after week 1. The first is enzyme induction, which has been reported following fluoxetine administration in rat liver [17, 18] , and the second is decreasing compliance in consuming the medicated treat, which would be consistent with the experience of Fontenot et al. [13] . There are no studies currently available on the effect of chronic fluoxetine administration on enzymes in the rhesus macaque. While we were not able to quantify compliance, daily visual inspection following treat administration did indicate that levels of compliance varied, suggesting that this is the more probable explanation. Furthermore, given that the concentrations maintained in later weeks of chronic treatment are closer to those of the lower doses (2-4 mg/kg/day) tested by Fontenot et al. [13] , it seems likely that the animals were not consuming the full dose. However, since serum concentrations remained in the clinical range, this is unlikely to pose a problem, especially as the majority of clinical reports are also in this range [9] [10] [11] .
Conclusions
This study describes the pharmacokinetics of fluoxetine and its active metabolite norfluoxetine in rhesus macaques. While the half-lives are shorter than those reported in humans, there is still a significant possibility that active concentrations will persist in the blood past the conclusion of treatment, which should be taken into account when designing experiments. As in humans, during chronic administration conditions, norfluoxetine concentrations exceed fluoxetine concentrations. Furthermore, to achieve concentrations comparable to observed human clinical concentrations, multiple, repeated dosing methods are necessary. Daily administration of 10 mg/kg orally results in consistent concentrations in the clinical range in rhesus macaques, an important consideration when translating results to the human condition.
